The tissue inhibitor of metalloproteinase (TIMP)3, a stromal protein that restrains the activity of proteases and receptors, is reduced in inflammatory metabolic disorders such as type 2 diabetes mellitus (T2DM) and atherosclerosis. We overexpressed Timp3 in mouse macrophages (MacT3) to analyze its potential antidiabetic and antiatherosclerotic effects. Transgenic mice with myeloid cells targeting overexpression of TIMP3 were generated and fed a high-fat diet for 20 weeks. Physical and metabolic phenotypes were determined. Inflammatory markers, lipid accumulation, and insulin sensitivity were measured in white adipose tissue (WAT), liver, and skeletal muscle. In a model of insulin resistance, MacT3 mice were more glucose tolerant and insulin sensitive than wild-type mice in both in vitro and in vivo tests. Molecular and biochemical analyses revealed that increased expression of TIMP3 restrained metabolic inflammation and stress-related pathways, including Jun NH 2 -terminal kinase and p38 kinase activation, in WAT and liver. TIMP3 overexpression in macrophages resulted in reduced activation of oxidative stress signals related to lipid peroxidation, protein carbonylation, and nitration in WAT and liver. Our data show that macrophage-specific overexpression of TIMP3 protects from metabolic inflammation and related metabolic disorders such as insulin resistance, glucose intolerance, and nonalcoholic steatohepatitis. Diabetes 61: [454][455][456][457][458][459][460][461][462] 2012 O besity is a chronic disorder characterized by major metabolic complications, including insulin resistance and steatohepatitis, often coexisting in patients with type 2 diabetes mellitus (T2DM) (1-3). Recent studies suggest that low-grade inflammation might promote the onset of insulin resistance and hepatic steatosis (4,5). The triggers and the mechanisms provoking the accumulation of inflammatory cells and the release of cytokines within adipose tissue and liver are still undefined, although free fatty acids have been suggested to play a major part in this process (6). On the other hand, the modulation of inflammatory components within the adipose tissue, including monocytes/macrophages and T cells, has been shown to improve not only the obesity-induced inflammatory responses but also their metabolic complications in experimental models (7-9). Nevertheless, it has not been fully elucidated whether inflammation per se leads to the development of diabetes and which molecules and mechanisms might be involved.
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The tissue inhibitor of metalloproteinase (TIMP)3, a stromal protein that restrains the activity of proteases and receptors, is reduced in inflammatory metabolic disorders such as type 2 diabetes mellitus (T2DM) and atherosclerosis. We overexpressed Timp3 in mouse macrophages (MacT3) to analyze its potential antidiabetic and antiatherosclerotic effects. Transgenic mice with myeloid cells targeting overexpression of TIMP3 were generated and fed a high-fat diet for 20 weeks. Physical and metabolic phenotypes were determined. Inflammatory markers, lipid accumulation, and insulin sensitivity were measured in white adipose tissue (WAT), liver, and skeletal muscle. In a model of insulin resistance, MacT3 mice were more glucose tolerant and insulin sensitive than wild-type mice in both in vitro and in vivo tests. Molecular and biochemical analyses revealed that increased expression of TIMP3 restrained metabolic inflammation and stress-related pathways, including Jun NH 2 -terminal kinase and p38 kinase activation, in WAT and liver. TIMP3 overexpression in macrophages resulted in reduced activation of oxidative stress signals related to lipid peroxidation, protein carbonylation, and nitration in WAT and liver. Our data show that macrophage-specific overexpression of TIMP3 protects from metabolic inflammation and related metabolic disorders such as insulin resistance, glucose intolerance, and nonalcoholic steatohepatitis. Diabetes 61: [454] [455] [456] [457] [458] [459] [460] [461] [462] 2012 O besity is a chronic disorder characterized by major metabolic complications, including insulin resistance and steatohepatitis, often coexisting in patients with type 2 diabetes mellitus (T2DM) (1) (2) (3) . Recent studies suggest that low-grade inflammation might promote the onset of insulin resistance and hepatic steatosis (4, 5) . The triggers and the mechanisms provoking the accumulation of inflammatory cells and the release of cytokines within adipose tissue and liver are still undefined, although free fatty acids have been suggested to play a major part in this process (6) . On the other hand, the modulation of inflammatory components within the adipose tissue, including monocytes/macrophages and T cells, has been shown to improve not only the obesity-induced inflammatory responses but also their metabolic complications in experimental models (7) (8) (9) . Nevertheless, it has not been fully elucidated whether inflammation per se leads to the development of diabetes and which molecules and mechanisms might be involved.
We recently reported that deficiency of tissue inhibitor of metalloproteinase (TIMP)3 acts at the interface of inflammation and insulin resistance (10) . TIMP3 is a secreted 24-27-kDa protein belonging to the family of TIMPs that binds to the extracellular matrix and inhibits metalloproteases such as matrix metalloproteinase-2/9 and sheddases such as tumor necrosis factor (TNF)-a converting enzyme (also known as ADAM17), participating in the modulation of inflammation, cellular migration, and proliferation (11, 12) . We and others have previously reported that the TIMP3/ ADAM17 pathway is involved in the control of glucose homeostasis and adipose, hepatic, and vascular inflammation in both genetic and nutritional models of obesity in mice, as well as in patients with obesity-related T2DM and atherosclerosis (13) (14) (15) (16) (17) (18) . Adam17-null mice consistently show a hypermetabolic phenotype, and heterozygous Adam17 +/2 mice are protected from diet-induced obesity and inflammation (19, 20) . Furthermore, data from our and other laboratories have revealed that obesity is characterized by a deficiency of TIMP3 in white adipose tissue (WAT) and liver (14, 21) , suggesting that downregulation of TIMP3 in metabolic tissues may contribute to the deregulation of inflammatory pathways. To understand the extent to which TIMP3 could restrain the negative synergy between unchecked inflammation and nutrient overload, we generated a new mouse model with a cell-targeted overexpression of TIMP3 in myeloid cells (MacT3) in order to directly overexpress TIMP3 protein in key inflammatory sites (22) . The aim of this strategy was to verify the hypothesis that TIMP3 could rescue the metabolic alterations associated with obesity.
RESEARCH DESIGN AND METHODS
Mouse model and metabolic analysis. The mouse Timp3 gene was amplified by PCR with cDNA obtained from mouse muscle as a template. The gene was then cloned in a vector containing CD68 promoter/enhancer. For generation of transgenic mice, the linearized construct was microinjected into mouse pronuclei using standard methods as previously described (23, 24) . Offspring derived from the injections were genotyped by PCR and confirmed by Southern blotting. For hematopoietic cell lineage distribution, peripheral blood was collected from the tail vein and analyzed on a blood cell analyzer (Simply Cell; BPC BioSed, Rome, Italy) to determine cell counts.
For the diet-induced obesity model, mice were fed a high-fat diet (HFD) (60% of calories from fat; Research Diets, New Brunswick, NJ) or a normal diet (standard chow, 10% calories from fat, GLP; Mucedola s.r.l., Settimo Milanese, Italy) for 20 weeks after weaning as indicated. Metabolic tests have previously been described (13) . Hormones and adipokine levels were measured using commercial kits: insulin (Mercodia, Uppsala, Sweden) and adiponectin and leptin (R&D Systems, Minneapolis, MN). Aspartate aminotransferase and alanine aminotransferase levels were measured with a Modular P analyzer (Roche S.p.A, Monza, Italy). Energy balance. Indirect calorimetry was performed using LabMaster (TSE Systems, Bad Homburg, Germany). All mice were acclimatized for 24 h before measurements were taken every 15 min for 24 h. VO 2 is expressed as milliliters of O 2 consumed per kilogram of body weight per minute. Carbon dioxide consumption (VCO 2 ) is expressed as milliliters of CO 2 produced per kilogram of body weight per minute. The respiratory quotient is defined as VCO 2 /VO 2 and does not have any units. Activity was expressed by movement-induced beam interruptions per minute in the calorimeter. Daily food intake was monitored by weighing food hoppers. Gene expression analysis. Total RNA was isolated from WAT, muscle, and liver, using TRIzol reagents (Invitrogen, Eugene, OR). A total of 2 mg total RNA was reverse transcribed into cDNA using the High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed on individual samples using an ABI PRISM 7700 System and TaqMan reagents (Applied Biosystems). Each reaction was performed in triplicate using standard reaction conditions: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min, and 40 cycles each at 95°C for 15 s and 60°C for 1 min. Calculations were performed via a comparative cycle threshold method (13) . Western blots. Western blots were performed on total tissue homogenates and macrophage extracts prepared as previously described (25) . The following antibodies were used: TIMP3, actin, anti-phospho-Ser473 Akt and total Akt, anti-phospho-Thr183/Tyr185 Jun NH 2 -terminal kinase (JNK) and total JNK, and anti-phosphoThr180/Tyr182 p38 and total p38 (Cell Signaling Technology, Danvers, MA). A representative image of eight mice per each group is shown. ADAM17 activity and TNF-a levels. ADAM17 activity was determined as previously described (13) . TNF-a levels were measured in cell medium using a commercial ELISA kit (R&D Systems) in accordance with the manufacturer's instructions. Pancreata histological analysis and morphometry. Pancreata were fixed overnight in 4% paraformaldehyde and embedded in paraffin using standard techniques. Sections were stained with hematoxylin-eosin. Immunostaining for insulin was carried out with the Histomouse-SP kit (Zymed Laboratories, South San Francisco, California) according to the manufacturer's instructions. Six sections for each pancreas were imaged at 320 magnification and quantified for surface areas. Areas corresponding to the b-cells were measured by dividing the area of insulin-positive immunoreactivity by whole pancreas area. 2,4-Dinitrophenyldrazine assay. Proteins were derivatized on carbonyl groups by 10 mmol/L 2,4-dinitrophenyldrazine (Sigma-Aldrich) in 2 N chloridric acid and were precipitated overnight with an ice-cold solution containing 50% ethanol, 25% methanol, and 25% acetone at -20°C. After four washes with the same ice-cold solution, the final pellet was dried at room temperature and redissolved in Laemmli sample buffer. After SDS-PAGE separation, proteins were electroblotted onto nitrocellulose membrane and immunodetection was performed using anti-2,4-dinitrophenyl keyhole limpet hemocyanin rabbit IgG (Molecular Probes, Eugene, OR) in order to evaluate carbonylated proteins. The immunoreactive bands were detected using goat anti-rabbit horseradish peroxidase-conjugated IgG (Bio-Rad Laboratories, Hercules, CA) and a chemiluminescence detection method (ECL; GE Healthcare, Buckinghamshire, U.K.). Lipid peroxidation. Lipid peroxidation products were determined by thiobarbituric acid reactive substances (TBARSs) in protein extracts using colorimetric assay according to the manufacturer's instructions (LPO-586 Bioxytech; OXIS International, Foster City, CA). In vivo positron emission tomography imaging. The positron emission tomography (PET) protocol included a localizer scan, a high-resolution (0.63 mm slice thickness) whole-body computed tomography study, and two 15-min whole-body PET acquisitions starting at 5 and 35 min after tracer administration. For assessment of fluorodeoxyglucose (FDG) distribution, transverse and dorsal slices were obtained, as well as whole-body three-dimensional maximum-intensity projections. Measurements of FDG distribution were obtained on dorsal planes using small regions of interest positioned on the brain, heart, liver, and limb. For each structure, measurements were obtained from four different slices and averaged. FDG uptake ratios for heart, liver, and forelimb were calculated using brain uptake as a reference structure that metabolizes glucose independent of insulin. Maximum standardized uptake values were calculated using a lean body mass algorithm. Computed tomography scan. For in vivo scans, mice were anesthetized by 1% isoflurane inhalation and positioned with both legs fully extended. The entire torso of each mouse was scanned at an isotropic voxel size of 76 microns (45-kV, 133-mA, and 300-ms integration time) with a GE Explore Locus scanner (GE Heathcare Italia, Milano, Italy). Two-dimensional gray scale image slices were reconstructed into a three-dimensional tomographic image. Density values for soft tissue were calibrated from a five-point linear fit line using mixtures containing various ratios of two liquids, ranging from 0.78 mg/mL (100% ethanol; Sigma-Aldrich) to 1.26 mg/mL (100% glycerol; J.T. Baker, Phillipsburg, NJ). Density values for bone tissue were calibrated via a commercially available phantom containing hydroxyapatite rods of various densities (GE Healthcare). Adipose tissue histological analysis. Histological procedures and antibodies have previously been described (13) . The total number and cross-sectional areas of adipocytes were obtained by computer-assisted image analysis (Optimas 6.5; Bioscan, Edmunds, WA). Ten random fields per section were analyzed (size of field 0.78 mm 2 ), and values ,100 mm 2 were automatically excluded from analysis because they were assumed to represent artifacts resulting from the image conversion process. The data were first averaged per section and then per animal. For the double immunofluorescence labeling study, sections were incubated with rat monoclonal anti-CD68 antibody and rabbit polyclonal anti-CD3 antibody (Abcam, Cambridge, MA). The stained sections were examined under a fluorescence microscope (Olympus BX51 equipped with Olympus C-3030 digital camera; Olympus, Tokyo, Japan). Vascular density. WAT sections (n = 8) immunolabeled with the polyclonal goat anti-mouse CD31 antibody (PECAM-1; Santa Cruz Biotechnology, Santa Cruz, CA) were viewed at 3250. Twenty random fields per section were analyzed (size of field 0.125 mm 2 ). Images were converted in a binary format, and the number of vessels per field was counted and expressed as number of vessels per millimeter squared. Average blood vessel size was calculated by dividing the total stained area by the number of vessels. Histology and quantification of liver lesions. Histological procedures have previously been described (14) . F4/80, N´-(carboxymethyl)lysine (CML), and nitroTyr immunostaining were performed using antibodies (Abcam), following the manufacturer's instructions. Isolation of adipocytes and stromal vascular fraction from WAT. To determine the relative expression of TIMP3 in adipocytes and stromal vascular fraction (SVF), WAT was subjected to collagenase digestion (1 mg/mL collagenase type 1; Sigma-Aldrich) in Krebs-Ringer buffer, with shaking at 150 rpm for 30 min at 37°C. After digestion, adipocytes were allowed to separate by flotation and the infranatant solution was centrifuged for 5 min at 300g to pellet the SVF. The adipocyte fraction was washed three times with the KrebsRinger buffer. Subsequently, RNA was isolated from adipocytes and the SVF fractions and analyzed by real time PCR. The profile of adiponectin mRNA expression provides evidence of the purity of the fraction preparations. Isolation of hepatocytes and nonparenchymal cells from liver. Mice were anesthetized, and liver tissues were perfused in situ via the superior vena cava with a perfusion buffer (13 Hanks' balanced salt solution), followed by a digestion buffer (13 Hanks' balanced salt solution, supplemented with 0.05% collagenase [Type IV; Sigma Chemical, St. Louis, MO], 1.25 mmol/L CaCl 2 , 4 mmol/L MgSO 4 , and 10 mmol/L HEPES). The resulting cell suspension was filtered through a sterile 100-mm nylon mesh and centrifuged at 50g to selectively sediment hepatocytes from nonparenchymal cells (NPCs). The pellet of hepatocytes was resuspended and subsequently washed two more times at 50g. The NPCs in the first and second supernatants from the lowspeed centrifugations were pelleted by high-speed centrifugation (1,300g), followed by resuspension in a small volume before isopycnic sedimentation in Percoll as previously described (26) . Cell viability (.90%) was determined by trypan blue exclusion. The profile of albumin mRNA expression provides evidence for the purity of the fraction preparations. Statistical analysis. Results of the experimental studies are expressed as means 6 SD. Statistical analyses were performed using the one-way ANOVA or unpaired Student t test as indicated. Values of P , 0.05 were considered statistically significant.
RESULTS
Metabolic effect of diet-induced obesity on MacT3. We generated transgenic mice (MacT3) overexpressing TIMP3 under the control of the monocyte/macrophage lineage-specific promoter CD68 in order to increase TIMP3 expression directly in metabolic tissues where myeloid cells are gradually recruited during obesity (22) . Three positive founder lines, which gave germ line transmission, were expanded to establish the MacT3 transgenic colonies (data not shown). Because the overexpression of TIMP3 was comparable in the three lines and they showed similar features after a preliminary characterization, we used one of them for our studies. MacT3 mice fed a normal diet did not differ from wild-type (WT) littermates in terms of fasting and fed glucose insulin levels, glucose and insulin tolerance, adiponectin, or leptin secretion (Supplementary Fig. 1A-F , available in the Supplementary Data).
For evaluation of the role of TIMP3 overexpression in the development of obesity, MacT3 and WT mice were fed an HFD for 20 weeks. MacT3 mice on an HFD did not show significant differences in white blood cell lineages or monocyte counts compared with WT littermates (Supplementary Fig. 2A ). MacT3 mice did not differ in weight from WT mice while consuming the HFD (Fig. 1A) but showed improved fasting and fed glucose and insulin levels (Fig.  1B) . Similarly, MacT3 mice showed improved glucose tolerance and insulin sensitivity compared with WT mice, as assessed by the intraperitoneal glucose tolerance test and intraperitoneal insulin tolerance test (Fig. 1C) . In contrast, we did not observe any differences in glucosestimulated insulin secretion, pancreatic islet numbers, or gross morphology in MacT3 mice compared with WT littermates fed an HFD ( Supplementary Fig. 2B-E) . Levels of adiponectin, transaminases, TNF-a, and interleukin (IL)-6 were improved in MacT3 mice compared with WT mice (Fig. 1D) . Indirect calorimetry showed that MacT3 mice exhibited a slight significant increase in VO 2 and VCO 2 , activities, and food intake ( Fig. 1E and F) . To investigate whether the improvement in glucose homeostasis was due, at least in part, to an increase in glucose transport, we conducted a PET scan to directly measure FDG uptake after insulin infusion in both anterior and posterior legs, and we observed that the standardized uptake value was statistically higher in MacT3 mice compared with WT mice (Fig. 2A) . MacT3 mice also showed an increased insulin-induced phosphorylation of Ser473 Akt, which is a major regulator of glucose uptake in muscle (Fig. 2B) . Effect of diet-induced obesity on adiposity in MacT3.
To evaluate how an HFD impacts adipose tissue morphology and functions in MacT3 and WT mice, we analyzed adipose tissue depots in vivo through computed tomography scans, which revealed that MacT3 mice had a slightly decreased visceral adipose tissue fraction, despite a similar overall adiposity (Fig. 3A) . Epididymal and perirenal fat pads were also smaller in MacT3 mice (Fig. 3B and   FIG. 1 . MacT3 mice are protected against HFD-induced insulin resistance. WT and MacT3 mice were fed an HFD for 20 weeks. A: Body weight curve during HFD (n = 9 per group). B: Fasting and fed glucose and insulin levels (n = 9 per group; *P < 0.05, Student t test). C: Intraperitoneal glucose tolerance test and intraperitoneal insulin tolerance test (n = 9 per group; *P < 0.05, one-way ANOVA). D: Adiponectin, leptin, TNF-a, IL-6, and transaminase levels (n = 9 per group; *P < 0.05, Student t test. Data are means 6 SD). E: VO 2 in free-fed MacT3 mice over a period of 24 h (line chart) compared with VO 2 in WT mice after 20 weeks of HFD. F: Mean 24-h values for VO 2 , VCO 2 , respiratory quotient (RER), locomotor activity, and food intake. (E and F: n = 6 per group. Student t test, *P < 0.05 for MacT3 HFD vs. WT HFD mice. Data are means 6 SD.) Supplementary Fig. 3A) . WAT from MacT3 mice showed significantly increased TIMP3, both at mRNA and protein levels, and decreased ADAM17 activity (Fig. 3C) . By analyzing isolated tissue fractions separately, we observed that expression of TIMP3 in adipocyte is significantly lower than in SVF in WT mice (Fig. 3D ). In addition, TIMP3 level was further increased in SVF obtained from WAT of MacT3 mice compared with WT. Adiponectin mRNA expression was analyzed to confirm the purity of the two different fractions (Fig. 3D) .
Histological analysis of HFD WAT sections showed a higher density of smaller adipocytes (Fig. 3E and Supplementary Fig. 3B ). The insulin-sensitizing and antiinflammatory hormone adiponectin, and oxidative stress markers such as TBARSs and the presence of protein carbonylation (2,4-dinitrophenyldrazine), was reduced in MacT3 mice compared with levels in WT mice ( Fig. 3F and Supplementary Fig. 3C and D) . Immunohistological analyses of inflammatory markers for macrophages (F4/80), T cells (CD3), and capillary density were conducted by CD31 staining and revealed a lower number of tissue macrophages and T cells and slightly reduced adipose tissue vascularization in MacT3 mice compared with WT mice (Fig. 4A) . Analysis using immunofluorescence microscopy confirmed that CD68 and CD3 signals did not colocalize ( Supplementary Fig. 4 ). These results were also supported by the lower mRNA expression of inflammatory markers (Fig. 4B ) observed in MacT3 mice. MacT3 mice showed reduced activation of p38 and JNK (Fig. 4C) , which allowed for increased phosphorylation of Akt kinase, the mediator of insulin metabolic effects, both in the fed state and after insulin stimulation (Fig. 4D) . Effect of diet-induced obesity on hepatic steatosis in MacT3. We recently observed that TIMP3 deficiency led to steatohepatitis under an HFD regimen (14) . In contrast, under the same conditions MacT3 mice showed significantly reduced liver weights (Fig. 5A ), higher levels of TIMP3 expression, and reduced ADAM17 activity (Fig. 5B-D) . In addition, analysis of isolated hepatic cells (hepatocytes and NPCs) showed that TIMP3 mRNA was significantly overexpressed in nonparenchymal cells (which include Kupffer cells) from MacT3 mouse livers compared with expression in WT mouse livers (Fig. 5E ). Albumin mRNA expression was analyzed in order to confirm the purity of the two different fractions (Fig. 5E) .
Histological analysis revealed that obesity in livers from WT mice induced a macrovesicular steatosis similar to the grade-2 stage in humans and characterized by features such as ballooning degeneration; in contrast, MacT3 mouse livers were less steatotic (between grade 0 and grade 1) (Fig. 5F ). Compared with WT mice, MacT3 mice revealed significantly reduced F4/80 staining and reduced oxidative stress, as suggested by markers such as N´-CML and nitroTyr staining (Fig. 5F) . Analysis of TBARS levels in liver homogenates confirmed reduced oxidative stress in MacT3 mice compared with WT mice (Fig. 6A) . mRNA expression levels of oxidative stress genes (catalase, SOD2, Gp47, and GP67), and inflammatory (suppressor of cytokine signaling 3 and IL-6) and anti-inflammatory (IL-10) markers supported the histological evidence for reduced inflammation in the livers of MacT3 mice (Fig. 6B) . As in adipose tissue, MacT3 mouse livers exhibited significantly lower activation of the stress kinase JNK and improved phosphorylation of Ser473 Akt both in the fed state and upon insulin stimulation (Fig. 6C) .
DISCUSSION
Visceral obesity and the consequent low-grade inflammatory state are major determinants for the onset of insulin resistance and its metabolic sequels, T2DM and nonalcoholic fatty liver disease (NAFLD) (1, 27) . In this study, we have shown that a transgenic approach aimed to increase the levels of TIMP3 at the sites of metabolic inflammation is sufficient for containing the development of insulin resistance and NAFLD in vivo.
In the context of diet-induced obesity, TIMP3 improved insulin sensitivity and systemic glucose uptake in vivo. Although the overexpression of TIMP3 did not affect body weight, it was involved in the adipose tissue architecture. In fact, at the microscopic level the adipose tissue architecture in MacT3 mice was characterized by the presence of small adipocytes of higher density, suggesting an increase in metabolic activity (28) . At the molecular level, TIMP3 overexpression resulted in a continued secretion of adiponectin, an anti-inflammatory and insulin-sensitizer hormone known to positively affect glucose and lipid metabolism, as well as liver inflammation (29, 30) . This was accompanied by a reduced inflammatory infiltrate and decreased IL-6 expression and secretion in vivo. Analysis of signaling readouts showed that in MacT3 mice, the activation of the insulin receptor pathway was preserved, to some extent, through reduction of the negative effect produced by stress kinases such as JNK and p38. Furthermore, computed (n = 4 per group; *P < 0.05, Student t test. Data are means 6 SD.) B: Epididymal fat pads were harvested and weighed. (n = 5 per group; *P < 0.05, Student t test. Data are means 6 SD.) C: TIMP3 mRNA and protein levels were increased and ADAM17 activity was reduced in adipose tissue of MacT3 mice fed an HFD compared with WT mice. A representative image of four mice per group is shown. (n = 8 per group; *P < 0.05, Student t test. Data are means 6 SD.) D: TIMP3 and adiponectin (considered adipocyte markers) and mRNA expression in mature adipocytes (AFs) and SVF. (n = 5 per group; **P < 0.01 and ***P < 0.001, Student t test. Data are means 6 SD.) E: Representative sections of adipose tissue stained with hematoxylin-eosin (H/E) showing an increased adipocyte density and a reduction in mean adipocyte area in MacT3 mice vs. WT mice. (n = 5 per group; **P < 0.01 and *P < 0.05, Student t test. Data are means 6 SD.) F: WAT expression of leptin and adiponectin mRNA. Expression of mRNA was determined by real-time PCR and normalized to 18S RNA. (n = 5 per group; *P < 0.05, Student t test. Data are means 6 SD.) a.u., arbitrary unit. (A high-quality digital representation of this figure is available in the online issue.)
TIMP3 PROTECTS FROM METABOLIC INFLAMMATION
tomography scan and histological analyses revealed a reduction of the visceral adipose tissue fraction and microvessel density in MacT3 mice. Previous studies have shown that TIMP3 acts to stabilize vessels during angiogenesis and limits the development of an uncontrolled angiogenic response (31) . Because antiangiogenic factors such as angiostatin demonstrated activity against obesity and its complications (32), we can conjecture that part of the TIMP3 effect on systemic metabolism may be due to its ability to stabilize the vessels inside adipose tissue. Therefore, it is possible that the action of TIMP3 on adipose tissue is sufficient for maintenance of metabolic control, thus avoiding the deterioration of liver metabolism, which is a central check point for both lipoprotein synthesis and the release of systemic inflammatory factors, such as IL-6. The current study showed that in mice fed a regular diet, TIMP3 was physiologically more expressed in the SVC fraction than in mature adipocytes, suggesting that the effect of TIMP3 on adipocytes may depend on the complex dynamics of inflammatory cells within the expanding adipose tissue during obesity. Still controversial is whether TIMP3 is involved in regulation of adipogenesis. In fact, some authors have suggested that TIMP3 might limit adipogenesis (21, 33) , while others have suggested that TIMP3 could favor adipogenesis via the limitation of the TNF-a converting enzyme-dependent shedding of Pref-1, a molecule that, when released from the membrane, is known to block the differentiation of the preadipocyte cell (34). Although our data support a major direct effect of TIMP3 in adipose tissue, we cannot exclude the possibility that the effects of TIMP3 on the liver parenchyma may also be involved in the MacT3 phenotype. In fact, it has been suggested that proinflammatory macrophages in the liver are characterized by reduced TIMP3 expression (35) . We observed that hepatocytes expressed more TIMP3 than did cells in the nonparenchymal fraction. In MacT3 mice, we obtained a specific increase of TIMP3 in the fraction containing Kupffer and hepatic stellate cells, suggesting that the effect in the liver is independent of the cellular source, which is reasonable given that TIMP3 is released outside the cells and acts in the extracellular space.
Recently, it has been suggested that loss of TIMP3 could cooperate with epidermal growth factor receptor activation to dictate the resistance to Fas-induced apoptosis and hepatitis (36) . The counterintuitive effect of apoptosis prevention is the unchecked activation of proliferative signals mediated by release of epidermal growth factor receptor ligands and TNF-a shedding, both of which are dependent on ADAM17. Therefore, while loss of TIMP3 could protect from acute insults to the liver, it may paradoxically promote hepatic inflammation and fibrosis, especially in synergy with nutrient overload (13, 14) . Whether the TIMP3/Fas connection is relevant for transition from fatty liver disease to steatohepatitis requires further studies, although Fas has been demonstrated to be relevant to NAFLD via its interaction with Met (37), and Met signaling may be affected by metalloprotease regulation (38) .
Previous studies have shown individual effects of TIMPs on separate components of the metabolic syndrome or its complications, such as insulin resistance and obesity (13, (39) (40) (41) (42) (43) (44) . However, among TIMPs only TIMP3 was found to be reduced in the adipose tissue of experimental models of obesity and insulin resistance when genes regulating matrix biology were analyzed (44) .
Our study has clear strengths and limitations. In fact, our approach was designed to test the effect of TIMP3 at the site of metabolic inflammation independent of the physiological cellular sources. The coupling of TIMP3 to the CD68 promoter allowed us to test the effect of TIMP3 in a time-restrained manner because the transgenic TIMP3 is transcribed and released only when the CD68 promoter is activated. Therefore, it is intriguing to hypothesize that TIMP3 could restrain the inflammatory phenotype of a macrophage in a cell-autonomous manner, thus presenting a new target for the control of inflammation in metabolic inflammatory disorders. While CD68 is generally considered a selective marker for myeloid cells, various studies have reported that the expression of CD68 was not restricted to the macrophage lineage (45) . Therefore, although CD68 expression in nonmyeloid cells, including fibroblasts, was detected at a variable but lower level compared with monocytes and macrophages, we cannot rule out a minor contribution of these cells to the phenotype observed in MacT3 mice. Moreover, this approach limited the opportunity to identify the circumstances regulating physiological TIMP3 release in adipose tissue and liver. In conclusion, to our knowledge our study is the first to describe a protective effect of TIMP3 on insulin resistance and NAFLD, thus providing the conceptual basis for further exploitation of a TIMP3-based therapy for metabolic disorders. analyzed data, drafted the manuscript, wrote the final version of the manuscript, conceived the study, and is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
